DRAFT-September

Stable Isotope Methods
Samples were powdered using either a mortar and pestle or a Dremel. Stable C and O isotope values of carbonates were obtained at the Stable Isotope Biogeochemistry Laboratory, Stanford University, using a Thermo Finnigan Gasbench interfaced with a Thermo Finnigan Delta Plus XL mass spectrometer via a Thermo Finnigan ConFlo III unit. Depending on the samples' carbonate content, between 200 and 5000 µg of sample powder was weighed into sealed vials that were flushed with He gas and reacted with ca. 0.25 ml of phosphoric acid (H 3 PO 4 ) for 1 hour at 72°C. External precision (1σ) of oxygen and carbon isotope data is generally < 0.1‰, based upon repeated measurements of two internal lab standards (calibrated against NBS 18, NBS 19, and LSVEC). The δ 13 C values are reported relative to VPDB; δ 18 O values are reported relative to VSMOW.
Measurements of water δ 18 O were made on 1.5 mL aliquots using a Los Gatos Research TWIA-45EP liquid isotope water analyzer at Santa Clara University, California. Oxygen isotope values were corrected based on internal laboratory standards that are calibrated against VSMOW. The analytical precision is typically better than 0.2‰ (2σ) absolute for δ 18 O.
Additional Climatology Background
To demonstrate that the moisture that reaches the Zaysan Basin today is derived dominantly from the mid-latitude westerlies, we use NOAA's Air Resources Laboratory's Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model combined with reanalysis model output from the Global Data Assimilation System (GDAS) (Draxler and Hess, 1998; Stein et al., 2015) . HYSPLIT is now a commonly used method to determine the source of moisture at a particular point, particularly in conjunction with modern-or paleo-climate oxygen stable isotope studies (Lechler and Galewsky, 2013; Caves et al., 2014; Caves et al., 2015; Oster et al., 2012; Bershaw et al., 2012; Sjostrom and Welker, 2009) . Importantly, HYSPLIT does not specifically track moisture, but rather air masses; however, moisture approximately follows these trajectories. The Air Resources Laboratory regrids GDAS output to 1° x 1° resolution. Additionally, the GDAS reanalysis data, while reflecting a combination of observations and numerical weather models, is particularly imprecise in complex terrain (Kalnay et al., 1996; Gottschalck et al., 2005) . For context, the Air Resources Laboratory regrids GDAS data to approximate 1° x 1° resolution Fortunately, there is little topography upwind of the Zaysan Basin, suggesting that complex topography should be a limited source of error in our analysis.
For the Zaysan Basin, we compute 7-day back trajectories at 6-hour intervals for all months in the years 2005-2015. We initialize back trajectories at three different heights above the surface (1000, 1500, and 2000 m) to account for potentially different heights at which precipitation forms. For each height, we compute 15,608 trajectories, for a total of 46,824 trajectories. We filter these trajectories for only those trajectories that produce precipitation within 6 hours of the endpoint; however, results are insensitive to this filtering time (1-12 hours before the endpoint). Finally, we combine these three heights to map 2D histograms of trajectory occurrence, following Lechler and Galewsky (2013) and Caves et al. (2014; .
As seen in DR Figure 1 , all trajectories come from the west and none are sourced in the Indian Ocean south of the Tian Shan-Pamir complex of mountains. Interestingly, except for June, July, and August (JJA), the trajectories appear to route along the windward flank of the Tian Shan, similar to the low-level jets that have been observed along many of the world's major mountain ranges (Lechler and Galewsky, 2013) . Consequently, there may be some upwind interaction between moisture and topography that is imprinted upon the isotopic composition of precipitation over the Zaysan Basin. Barring further studies of the isotopic composition of precipitation across Kazakhstan, this possibility remains a hypothesis.
A final caveat regarding the HYSPLIT data: Strictly, this dataset applies only to the modern (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) climate, and extrapolations deeper into geologic time must be made with caution. Poleward-shifted westerlies, such as expected for the mid-Miocene (Herold et al., 2011; Micheels et al., 2011) , may be expected to change the precise routing of moisture to the Zaysan Basin. However, because deformation has progressed south-to-north, it is unlikely that during the late Neogene any moisture had been sourced from the south, given that ranges to the south are likely to be older (and thus uplifted earlier) than the northern Tian Shan. Further, there is no evidence of substantial topography upwind in Kazakhstan during the Neogene, suggesting that there have been no major deflections of these storm tracks through time, particularly in the late Neogene.
Additional sedimentary analysis
The 4‰ shift in δ 18 O c occurs across the boundary between the Kalmakpay Sv. and the overlying Karabulak Sv. We did not observe the contact between these two svitas, which is obscured by extensive cover ( Figure 5 , main text). The large δ 18 O c shift and change in dip suggests that there may be an unconformity of unknown duration that separates these two svitas. In contrast, the δ 13 C c values are identical between the upper Kalmakpay Sv. and the lower Karabulak Sv., and the sediments at the top of the Kalmakpay Sv. transition to coarser beds, similar to the Karabulak Sv. Though the δ 18 O c shift is coincident with the svita boundary, we do not attribute the δ 18 O c shift purely to changes in lithology independent of changes of climate. Below, we provide more sedimentary analysis to support this supposition.
Sediments of the Kalmakpay Sv. are relatively homogenous, clay-rich red beds with very little sand. There are abundant pedogenic carbonate nodules and root casts, particularly in the lower half of the svita. The paleosols in the Kalmakpay grade into each other and are difficult to individually distinguish. In the upper 50 m, small sand stringers, several centimeters in thickness, become increasingly interspersed within the pedogenic facies. Near the top of the svita, poorly organized sandstones crop out and up to 5 cm pebbles occur within the clay matrix. This coarsening-upward sequence indicates that the Kalmakpay Sv. may grade into the coarser Karabulak Sv., though, as noted above, the contact was not observed.
The Karabulak Sv. is much coarser, with frequent pebble conglomerates and 20-50 cm thick, cross-bedded sandstones that overlie and cut into pedogenic facies. These pedogenic facies often contain laterally extensive, well-cemented, and thick caliches. Toward the upper part of the Karabulak Sv., the conglomeritic beds become coarser and more poorly organized, with clasts that contain carbonate rinds on the downward side.
This general, coarsening upward sequence, suggests progressively higher-energy transport toward the end of the late Miocene, which may reflect uplift of the Manrak-Saur range or increased precipitation. As detailed in the main text, increased precipitation appears unlikely as the δ 13 C c values increase over the course of the sequence, suggesting instead decreasing precipitation. The sudden δ 18 O shift across the Kalmakpay-Karabulak boundary may result from a river capture event, which led to higher elevation water being captured and recorded by these pedogenic carbonates. It is difficult to determine precisely how much δ 18 O would change as a consequence of such an event. Regardless, this interpretation would still require progressive uplift of the Manrak-Saur ranges and interaction with the mid-latitude westerlies. A test of this scenario would be possible by examining time-equivalent sections in other parts of the Zaysan Basin.
Diagenetic considerations
Here, we discuss the potential of diagenesis, sediment burial, and modern leaching by meteoric water to impact the observed pedogenic and lacustrine carbonate δ 18 O values. We discount deep burial of sediments and modern interaction with meteoric water as influencing our samples for the following reasons:
Both the Kalmakpay and Karabulak svitas are relatively thin and, being quite young sedimentary units, it does not appear likely that they have been deeply buried. Carbonates can be reset by meteoric water if they reach temperatures of approximately 100°C (Huntington et al., 2011) . Assuming a standard geotherm of ~30°C/km, this would require at least 3 km of burial. There is no evidence that these svitas have been buried to anything close to that depth, suggesting that burial resetting of the isotopic values has not occurred. Further, diagenetic resetting of δ 18 O by burial typically induces lower δ 18 O values, given that the carbonate forms at high temperature, resulting in a low fractionation between pore waters and calcite (Kim and O'Neil, 1997 
Discussion of the lacustrine Akzhar Sv.
In the main text, we present data from the Akzhar Sv., which is a carbonate-rich lacustrine unit found throughout the southern portion of the Zaysan Basin (Lucas et al., 2000; Lucas et al., 2009 ). We sampled this unit at two locations to the west of the Kalmakpay River section: at the Tayzhuzgen River section (47.69°N; 84.00°E) and at the Kyzlkain River section (47.63°N; 84.10°E) (Lucas et al., 2009; Emry et al., 1998; Russell and Zhai, 1987) . The svita is dominantly composed of grayish shales with 0.25-0.5 m thick limestone beds that are laterally continuous for hundreds of meters.
In semi-arid environments, oxygen isotopes in lacustrine sections are typically evaporatively enriched and often display high variability (Davis et al., 2009; Ibarra and Chamberlain, 2015; Dettman et al., 2003; Charreau et al., 2012) . Consequently, many authors use only the most negative δ 18 O value, as this value has likely undergone the least evaporative enrichment (Li et al., 2015; Currie et al., 2005; Rowley and Currie, 2006) . Thus, in the main text, we primarily rely upon the most negative value as a reflection of the likely meteoric water δ 18 O. Below, we present evidence that the oxygen isotope data from the Akzhar Sv. has been substantially evaporatively modified.
First, there is a significant positive correlation (p < 0.05; R 2 = 0.55) between the δ 18 O of the carbonate and the carbonate wt. % of the sample (DR Figure 2A) -a relationship not found in any of the data from the Kalmakpay River section (not shown). This relationship likely occurs because, as lake water evaporates, the alkalinity and carbonate saturation state increase in concert with the δ 18 O of the lake water. Thus, in a lake with approximately constant inputs of detrital sediments, as the lake water becomes evaporatively enriched, the sediments contain an increasing percentage of carbonate, whose δ 18 O value will reflect the degree of evaporation. Second, there is a slight, but positive relationship between the δ 18 O and δ 13 C of carbonates, though the R-squared is low (R 2 = 0.06) (DR Figure 2B) . In lacustrine sediments, there is often a positive correlation between the δ 18 O and δ 13 C of carbonates (Davis et al., 2009; Lüdecke et al., 2013; Horton et al., 2016) , which reflects the fact that 13 C-depleted CO 2 preferentially degasses, leaving the residual lake water enriched in δ 13 C. In our samples, this relationship is only somewhat clear. This may be a consequence of both the large size of paleoLake Zaysan (see Figure 1 , main text) combined with the fact that the Kyzlkain and Tayzhuzgen localities were likely located near the shores of paleo-Lake Zaysan. Thus, terrestrial organic carbon or even soil-sourced dissolved inorganic carbon (DIC) washed into the lake may have altered the δ 13 C of the shore facies carbonate, without affecting the δ 18 O. Finally, even if these samples are not evaporatively-enriched, they are highly enriched in 18 O relative to time-equivalent samples in downwind Central Asia (see Figure 6 , main text). Thus, rather than a 4‰ shift in the late-Miocene, one would have to explain a nearly 10‰ shift between the mid-Miocene and late Miocene. Such a large shift seems improbable given that the combination of orographically-forced rainout, declining temperatures, and changing seasonality are unlikely to explain more than an 8‰ shift. 
